The sheath of Sphaerotilus natans is composed of cysteine-rich peptide and polysaccharide moieties. The polysaccharide was prepared by treating the sheath with hydrazine, and was determined to be a mucopolysaccharide containing -D-GlcA, -D-Glc, -D-GalN, and -D-GalN. To elucidate the structure of the peptide, the sheath was labeled with a thiol-selective fluorogenic reagent, 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole. Enantiomeric determination of the S-derivatized Cys in the fluorescent sheath suggested that it contained L-Cys mainly. Fluorescent cysteinylglycine was detected in the partial acid hydrolysate of the fluorescent sheath. The sheath-degrading enzyme secreted by Paenibacillus koleovorans produced a fluorescent disaccharide-dipeptide composed of GalN, Gly, and N-acetylated Cys from the fluorescent sheath. The disaccharide and dipeptide moieties were found to be connected by an amide bond. Based on these results, the sheath was deduced to be formed by association of a mucopolysaccharide modified with N-acetyl-L-cysteinylglycine.
Sphaerotilus natans is a sheath-forming member ofProteobacteria and is the only species recognized to be in the genus Sphaerotilus.
1,2) S. natans is also known to be one of the harmful filamentous microbes in activated sludge since it is frequently observed in activated sludge suffering from bulking problems. [3] [4] [5] [6] [7] [8] The sheath, a tubular extracellular structure, enfolds a line of bacilliform cells and is responsible for the filamentous growth of this bacterium.
2) It is a polysaccharide-peptide complex. D-Glc, D-GalN, Gly, and Cys are reported to be the major constituents. 9, 10) In our previous study, the structure of the polysaccharide moiety of the sheath was analyzed preliminarily mainly by 1 H-NMR spectroscopy. 10) The results indicated that the polysaccharide (N-acetylated form) has a pentasaccharide repeating unit In present study, we aimed to proceed with our previous investigation. A detailed structural analysis of the polysaccharide moiety was carried out by 13 Another aim of this study was to investigate the structure of the peptide moiety. For secretive detection and recovery of the peptidic fragment from the sheath, a thiol-specific fluorogenic reagent, 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F), [11] [12] [13] [14] and a sheath-degrading enzyme 15) were employed. The labelling procedure was based on the method established for analysis of the sheath of Leptothrix cholodnii (formerly L. discophora).
16) L. cholodnii is another sheath-forming member of -Proteobacteria and a close relative of S. natans. 2, 17, 18) The sheath-degrading enzyme prepared from the sheath-devouring bacterium Paenibacillus koleovorans 19) successfully disrupted the sheath labelled with ABD-F, allowing easy purification of a fluorescent digest. Based on chemical and NMR spectroscopic analyses, the structure of the digest was determined. Additionally, enantiomeric determination of Cys and partial amino acid sequence analysis of the sheath were also carried out. The results obtained in this study are meaningful for elucidating the structure of the fundamental polymer (structural unit) of the sheath of S. natans, to define the common characteristics of the sheaths of S. natans and L. cholodnii, and to demonstrate the novelty of the sheaths of these bacteria as a glycoconjugate.
Materials and Methods
Preparation of sheath, fluorescent sheath, and polysaccharide. The sheath of Sphaerotilus natans IFO-13543 was prepared according to the previously described method.
9) The sheath was derivatized with 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F) in the presence of tris(2-carboxyethyl)phosphine (TCEP) to prepare the fluorescent sheath (sheath ABD ), based on a previously described method. 16) Briefly, the sheath was suspended in a buffer containing TCEP, followed by the addition of ABD-F. After the reaction, the sheath ABD was recovered by centrifugation, washed with distilled water, and lyophilized. The polysaccharide moiety of the sheath was prepared as follows: The lyophilized sheath (25 mg) was immersed in 2.5 ml of hydrazine anhydride and heated at 100 C for 8 h in an Ar atmosphere using a screw-capped test tube. After the solution was cooled to room temperature, it was vacuum dried in a desiccator equipped with sulfuric acid and active charcoal traps. The residue was suspended in 1 ml of toluene and dried under a stream of air at 40 C. The residue was dissolved in 50 ml of cold 50 mM HCl, and passed though a glass filter (GA-100, Advantec, Tokyo, Japan), and then 250 ml of cold ethanol was added. After gentle mixing for several minutes, a transparent, colorless gel was recovered by centrifugation at 4 C. The gel was rinsed with 70% (v/v) ethanol, dissolved in 50 mM HCl, and dialyzed against distilled water at 4 C. The dialysate was lyophilized, and the hydrazinolysate of the sheath (HL) was obtained. The HL (50 mg) was dissolved in 50 ml of saturated NaHCO 3 solution, and 5 ml of acetic anhydride was gradually added at room temperature. The mixture was passed through a column (2:5 Â 20 cm) packed with AG50W-X8 (H þ form, BioRad, Hercules, CA), dialyzed against distilled water, and lyophilized to prepare N-acetylated HL.
Identification of acidic sugar. N-Acetylated HL (10 mg) was treated with 2.0 ml of 2 M trifluoroacetic acid solution (TFA) at 100 C for 4 h. The hydrolysate was recovered by evaporation and dissolved in 0.5 ml of water. The solution was passed through a column (1 Â 3 cm) packed with AG1-X8 (HCO 3 À form, Bio-Rad). After the column was washed with water, the acidic sugars were eluted with 0.2 M HCl. The acidic hydrolysate was recovered by evaporation and derivatized with 4-aminobenzoic acid ethylester (ABEE) using an ABEE labeling kit (Seikagaku, Tokyo, Japan). The acidic sugars obtained from 20 mg of N-acetylated HL were hydrolyzed with 2.0 ml of 2 M TFA at 100 C for 2 h, followed by evaporation, and subjected to HPLC. Glc and GlcA were also derivatized with ABEE as standards. The derivatives were separated and identified by HPLC under the following conditions: column, Hydrosphere C18 (4:6 Â 150 mm, YMC, Kyoto, Japan); temperature, 40 C; mobile phase, 0.1% (v/v) trifluoroacetic acid (TFA) containing various concentrations of acetonitrile (12.6% v/v for 5 min, followed by a linear gradient to 18.3% v/v for 50 min); flow rate, 1.0 ml/ min; detection, absorbance at 305 nm.
Enantiomeric determination of Cys. The sheath (3 mg) was suspended in 1 ml of 10 mM Tris-Citrate buffer (pH 5.0) containing 0.3 mg of TCEP, and the suspension was incubated at 37 C for 45 min. To the suspension, 10 ml of 4-vinylpyridine was added, followed by incubation at 37 C for 2.5 h in the dark. The S-pyridylethylated sheath (sheath PE ) was washed with distilled water and lyophilized. The sheath PE (1 mg) was hydrolyzed with 1 ml of 6 M HCl in a sealed evacuated ampoule at 110 C for 22 h, and the hydrolysate was recovered by evaporation. The intact pyridylethylcysteine liberated from the sheath PE was derivatized with 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (FDAA) and subjected to HPLC to determine its chirality according the method described by Jacobson et al.
20)
Another procedure was adopted to determine the chilarity of Cys in the sheath. D-Cys and L-Cys were derivatized with ABD-F, and the derivatives (D-Cys ABD and L-Cys ABD ) were purified as previously described. 21) Bovine serum albumin (BSA) was derivatized with ABD-F, and its fluorescent derivative (BSA ABD ) was obtained according to the method of Krijt et al. 22) The derivatives were then lyophilized. BSA ABD and the sheath ABD (1 mg) were hydrolyzed with 1 ml of 6 M HCl in a sealed evacuated ampoule at 110 C for 22 h to release the Cys ABD . The hydrolysates were recovered by evaporation. D-Cys ABD , L-Cys ABD , and the hydrolysates (0.2 mg) were individually dissolved in 314 ml of 0.2 M NaHCO 3 solution containing 30% (v/v) methanol. To the solution, 0.2 mg of FDAA was added, and the mixture was incubated at 60 C for 1 h to synthesize the diastereomer (DL or LL isomer). The procedure to produce the diastereomers is illustrated in Fig. 1 . The reaction mixture was passed through a DSC-18 cartridge (3 ml, Supelco, Bellefonte, PA), and the eluate was subjected to HPLC analysis: column, Hydrosphere C18 (4:6 Â 150 mm, YMC); temperature, 40 C; mobile phase, 0.1% (v/v) TFA containing 3% (v/v) acetonitrile for 5 min followed by a linear gradient to 49% (v/v) acetonitrile for 60 min; flow rate, 1.0 ml/min; detection, absorbance at 340 nm or fluorescence ( em 560 nm, ex 420 nm).
Identification of L-cysteinylglycine. Sheath ABD (5 mg) was partially hydrolyzed with 2.5 ml of 2 M TFA at 100 C for 2 h. After TFA was removed by evaporation, the residue was subjected to HPLC. The chromatographic conditions were as follows: column, Hydrosphere C18 (4:6 Â 150 mm, YMC); temperature, 40 C; mobile phase, 0.1% (v/v) TFA containing various concentrations of acetonitrile (2.1% v/v for 5 min followed by a linear gradient to 70% v/v for 60 min); flow rate, 1.0 ml/min; detection, fluorescence ( ex 380 nm, em 510 nm). A dipeptide, L-cysteinylglycine (L-Cys-Gly, Bachem, Bubendorf, Switzerland), was derivatized with ABD-F in a previously described manner, 16, 21) and the fluorescent derivative (L-Cys ABDGly) was subjected to HPLC under the conditions described above. Cys ABD and N-acetylated Cys ABD were also prepared 16) and were used as standards.
Preparation of sheath-degrading enzyme. Paenibacillus koleovorans JCM11186 was grown on the sheath as described in our previous paper.
15 ) The culture supernatant from 600 ml of the medium was recovered by centrifugation and passed through a 0.45-mm membrane filter (cellulose acetate, Advantec, Tokyo, Japan). To the filtrate, (NH 4 ) 2 SO 4 was gradually added to a final concentration of 2 M at 4 C. The solution was loaded on a column (1:8 Â 7 cm) of Phenyl-Toyopearl 650M (Tosoh, Tokyo, Japan) equilibrated with 50 mM TrisHCl buffer (pH 8) containing 2 M (NH 4 ) 2 SO 4 , followed by washing with the same buffer. Proteins were eluted from the column with 35 ml of 50 mM Tris-HCl buffer (pH 8), and the eluate was dialyzed against 25 mM TrisHCl buffer (pH 8) at 4 C. The dialysate was asepticized by filtration with a 0.22-mm membrane filter (Millex GV, Millipore, Bedford, MA) and the filtrate was used as a sheath-degrading enzyme solution.
Purification of enzymatic digest. Sheath ABD (5 mg) was placed in a test tube containing 10 ml of the sheathdegrading enzyme solution, and the test tube was then packed into a BBL-GasPack pouch (Becton-Dickinson, Sparks, MD) to prevent microbial contamination during the reaction. After incubation at 30 C for 72 h, the supernatant of the reaction mixture was recovered by centrifugation and passed through a Toyopack ODS-M cartridge (Tosoh). The passage was subjected to HPLC under the following conditions: column, Hydrosphere C18 (4:6 Â 150 mm, YMC); temperature, 40 C; mobile phase, 0.1% (v/v) TFA containing various concentrations of acetonitrile (2.1% v/v for 5 min followed by a linear gradient to 70% v/v for 60 min); flow rate, 1.0 ml/ min; detection, fluorescence ( ex 380 nm, em 510 nm). The eluate corresponding to a prominent fluorescent peak was collected and vacuum dried. The fluorescent enzymatic digest of the sheath ABD was thus purified and obtained. Composition analysis of amino compounds. The fluorescent enzymatic digest or partial acid hydrolysate of the sheath ABD (0.1-0.2 mg) was completely hydrolyzed with 50 ml of 6M HCl containing 4% (v/v) thioglycolic acid at 110 C for 22 h in a sealed evacuated ampoule. The hydrolysate was evaporated to dryness and dissolved in a small amount of distilled water. Detection of the amino compounds was done using an amino acid analyzer (L-8500, Hitachi, Tokyo, Japan). Prior to analysis, Cys ABD was confirmed to be detected at 62 min by the analyzer.
Results

Detection of glucuronic acid from sheath
The N-acetylated HL was treated with TFA and the released acidic sugars were recovered by the anionexchange column. The acidic sugars were derivatized with ABEE via reductive amination and subjected to HPLC. Two major peaks were observed, at 10.9 and 15.4 min in the chromatogram. The peak at 15.4 min was identified as a derivative that originated from glucuronic acid based on its retention time. Another peak (10.9 min) was assumed to be a derivative from a GlcA-containing aldobiuronic acid. In order to elucidate the composition of the aldobiuronic acid, the recovered acidic sugars were further hydrolyzed and subjected to HPLC analysis after derivatization with ABEE. A peak of a derivative that originated from glucose in addition to that previously mentioned was detected, indicating that the peak at 10.9 min was a derivative of GlcA-Glc. Consequently, the sheath was revealed to have a sugar sequence of GlcA!Glc, which was not determined in former studies. 9, 10) Structure of N-acetylated HL The HSQC spectrum of the N-acetylated HL showed five anomeric carbon signals (C1), confirming the former result 10) that the polysaccharide moiety of the sheath has a repeating unit composed of five sugar residues (I, II, III, IV, and V). Based on the coupling constants of various anomeric proton (H1) signals, the repeating unit was assumed to contain two -sugars (residues I and II) and three -sugars (residues III, IV and V). H2 and C2 of each sugar residue were easily assigned by the COSY and HSQC experiments. The C2 signals of residues I, II, and IV were in the region of nitrogen-bearing carbons, indicating that these residues are N-acetylated amino sugars. The total intensity of the methyl proton signal at 1.85 ppm was almost 9, supporting this possibility. The C2 signals of other two residues (residues III and V) were in a range of 71-75 ppm, which is typical of neutral sugars and uronic acids. A carbonyl carbon signal at 175.9 ppm, which exhibited a cross peak to H5 in residue III (4.13 ppm), was observed in the HMBC experiment. This correlation indicates that residue III was -GlcA. The TOCSY connectivity from the H1 signals suggested that residues I, II, and IV have a galacto configuration while residue V has a gluco configuration. Taking the former results (Glc and GalN in the sheath had a D configuration) into consideration, residues I, II, IV, and V were identified as -D-GalpNAc, -D-GalpNAc, -D-GalpNAc, and -D-Glcp respectively. Most of the NMR signals of the N-acetylated HL were assigned as listed in Table 1 . The NOESY and HMBC experiments suggested a structure of 4)-GlcpA-(1!4)-Glcp-(1!3)-GalpNAc-(1!4)-GalpNAc-(1!4)-GalpNAc-(1!. The absolute configuration of -GlcA (residue III) was predicted by glycosilation effects 23) from this residue to -D-Glc (residue V) based on the 13 C-NMR data for Nacetylated HL (Table 1) . A high -effect of 10.6 ppm for C4 of -D-Glc was observed. Small negative -effects, of À1:9 and À0:5 ppm for C3 and C6 of -D-Glc respectively, were observed. These effects indicate thatGlcA has the same absolute configuration as -D-Glc. The structure of the repeating unit of the polysaccharide moiety (N-acetylated form) of the sheath was thus determined to be 4)
Enantiomeric determination of Cys
It is known that the S-derivatization with vinylpyridine is indispensable for the enantiomeric determination of Cys in peptides to protect recemization during acid hydrolysis. 24) We adopted this method to determine the chirality of Cys in the sheath. The hydrolysate of the sheath PE was derivatized with FDAA and subjected to HPLC, as described by Jacobson et al., 20) but the peaks of the diastereomers overlapped with the peaks of byproducts, and we could not determine the chirality of Cys.
We expected that the racemization of Cys during hydrolysis could be inhibited by S-derivatization with ABD-F, and that the sheath ABD would readily be subjected to enantiomeric determination of Cys. As a pilot experiment, L-and D-Cys ABD were prepared and derivatized into the corresponding diastereomers (LL and DL isomers) with FDAA. Upon HPLC equipped with a UV detector (340 nm), the reaction mixtures supplemented with L-and D-Cys ABD exhibited typical peaks at 45 and 46 min respectively. It was suggested that the LL and DL isomers are separable by HPLC. The peaks were more selectively detected by monitoring the fluorescence at 560 nm by excitation at 420 nm. The hydrolysate of the sheath ABD was derivatized with FDAA and subjected to HPLC. The major diastereomer produced from the sheath ABD was the LL isomer, but a small amount of the DL isomer was also detected. A small amount of the DL isomer beside the LL isomer was even detected in BSA, revealing that reacemization during hydrolysis was not completely inhibited by derivatization with ABD-F. It appears likely that the sheath of S. natans is abundant in L-Cys.
HPLC analysis of partial acid hydrolysate and enzymatic digest of sheath ABD
The sheath ABD was partially depolymerized with TFA, followed by HPLC for separation of the hydrolysates containing Cys ABD . A predominant fluorescent hydrolysate was eluted at 14.7 min and recovered. From the hydrolysate, Gly and Cys ABD were detected with an amino acid analyzer, and it was found to be free of GalN. The retention time of the fluorescent hydrolysate coincided with that of synthesized L-Cys ABD -Gly. The hydrolysate was identified as L-Cys ABD -Gly, and the peptide moiety of the sheath was assumed to have a partial amino acid sequence of L-Cys!Gly.
The sheath ABD was almost entirely broken down by the action of the sheath-degrading enzyme from P. koleovorans, and only one prominent fluorescent peak was detected by HPLC. The fluorescent digest was recovered and its amino compound composition was evaluated using an amino acid analyzer. Cys ABD , Gly, and GalN were detected, revealing that the enzymatic digest was an oligopeptide derivatized with GalN. Hence the fundamental polymer of the sheath appeared to have only one type of peptide side chain.
Structure of enzymatic digest
Three cross peaks were observed in the anomeric region of the HSQC plot of the enzymatic digest, indicating that the digest contains a disaccharide. The glycosylated and glycosylating sugar residues in the disaccharide were temporarily defined as residues I (I, I) and II respectively. Assignments of the H1 and C1 signals of the sugar residues were done based on the intensities and coupling constants of the H1 signals.
Since the coupling constant of H1 of residue I was 3.5, this residue was considered to be linked to residue II via an -glycosidic bond. Most of other proton and carbon signals of the sugar residues were assigned by the COSY, TOCSY, HSQC, and HMBC experiments. The results are summarized in Table 2 . The NOESY experiment revealed a 1!4 glycosidic linkage. The TOCSY connectivity from the H1 signal up to the H4 signal of the various sugar residues suggested that both sugars have a galacto configuration. The C2 signals of both sugar residues were detected in the region (40-60 ppm) for carbons bearing nitrogen, indicating that the sugars were GalN. Two other signals of carbons bearing nitrogen were detected, at 43.7 and 53.7 ppm. The carbon signal at 53.7 ppm exhibited an HSQC correlation to a proton signal (4.72 ppm) in the anomeric proton region. Since it is known that the H2 signal of Cys derivatized with ABD-F is observed in the anomeric proton region, 16, 21) these signals were assigned to C2 and H2 of Cys. Consequently, C3 and H3a,b of Cys were assigned by the COSY and HMBC experiments. The proton and carbon signals of ABD were successfully assigned by the COSY, HSQC, and HMBC experiments, and the HMBC correlations from C7 of ABD to H3a,b of Cys revealed a linkage between these residues. Another signal, of a nitrogen-bearing carbon at 43.7 ppm, was assumed to be the C2 of Gly. The HSQC correlation in the high magnetic field region showed the presence of a methyl group. On the track of this methyl proton signal, a strong cross peak to a carbonyl carbon signal at 175.5 ppm was observed in the HMBC plot, indicating the presence of an acetyl group. This carbonyl carbon signal exhibited an HMBC correlation to H2 of Cys. Thus Cys was found to be N-acetylated. From the H2 signal of Cys, an HMBC correlation to the other carbonyl carbon signal at 173.0 ppm was observed, and this signal was assigned to C1 of Cys. A strong cross peak was observed on this C1 track to H2a,b of Gly, confirming the presence of the peptide linkage Cys! Gly. A carbonyl carbon signal at 172.4 ppm was assumed to be C1 of Gly and an HMBC correlation to H2 of residue I (-glycosylating GalN) was observed on this track. Hence the carboxyl group of Gly appeared to be bound to the amino group of the -glycosylating GalN, forming the 2-(glycyl)amido-2-deoxy--D-galactose residue. The enzymatic digest thus appeared to be a disaccharide-dipeptide with the following structure:
The NMR data assigned for the enzymatic digest are listed in Table 2 .
Discussion
Based on the findings presented in this paper, the possible structure of the fundamental polymer of the sheath of S. natans is illustrated in Fig. 2a . Briefly, the glycan moiety is a mucopolysaccharide that has a pentasaccharide repeating unit consisting of Glc, GlcA, and GalN. The peptide moiety is N-acetyl-L-cysteinylglycine. The glycan and peptide moieties are connected by the N-glycyl-D-galactosamine (2-glycylamido-2-deoxy-D-galactose) residue. The fundamental polymer of the sheath of L. cholodnii (Fig. 2b ) 16, 21) has a structure similar to that of the Sphaerotilus sheath. The amino acid sequence of the Leptothrix sheath is not fully understood as yet. Its peptide moiety is composed of Gly and Cys, and it appears to have a sequence of Cys-CysCys-Cys.
21) It does not contain Glc or GlcA, but instead contains GlcN, GalA, and 2-amino-2-deoxy-D-galacturonic acid (GalNA).
21) The 2-cysteinylamido-2-deoxy-Dgalacturonic acid residue is involved in the linkage between the glycan and peptide moieties, differently from the Sphaerotilus sheath. 16) Though there are some differences, as mentioned above, common features of the sheath of the Sphaerotilus-Leptothrix group of bacteria can be described as follows: The sheath is constructed by cross-linking of the fundamental polymer. The polymer is a glycoconjugate consisting of the mucopolysaccharide core and the peptide side chain. The mucopolysaccharide core has a straight pentasaccharide repeating unit and the peptide side chain is composed of Gly and Cys. The connection of the peptide side chain to the glycan core is accomplished by an amide bond between the C-terminal amino acid residue and an amino sugar residue. These features do not fit any description in the ''Nomenclature of glycoproteins, glycopeptides and peptidoglycans'' (http://www.chem. qmul.ac.uk/iupac/misc/glycp.html). We hypothesize that the sheaths of the Sphaerotilus-Leptothrix group of bacteria comprise a new category of structural glycoconjugates. The uniqueness of the two sheaths may reflect the fact that they are not degraded by the commonly available proteases and glycosidases. 9, 25) These structures are drawn based on assumptions that every pentasaccharide repeating unit has a peptide side chain and that the amino sugar residues free of the peptide side chain are not derivatized. The residue numbers in parentheses correspond to those indicated in Table 1 . The unknown amino acid sequence is indicated by R.
